Since 2010, four oral anticoagulants have been approved for marketing in addition to warfarin for treatment of thromboembolic disease. Limited head-to-head data exist comparing these treatments, leaving patients and clinicians with little guidance for selecting a strategy that balances recurrence reduction with bleeding risk. In the dabigatran, apixaban, rivaroxban, edoxaban and warfarin comparative effectiveness research study, we compare all five currently available oral anticoagulant agents for the extended treatment of deep venous thrombosis and pulmonary embolism, as well as no extended treatment, and evaluate whether results differ in specific sub-populations. As our population includes Medicare novel anticoagulant users and large numbers of commercially insured and Medicaid patients, our results will likely be transportable to the majority of US patients experiencing a DVT or pulmonary embolism. Clinical Trials registration: NCT03271450. Each year, approximately 500,000 Americans experience venous thromboembolic disease, including deep venous thrombosis (DVT) and pulmonary embolism (PE) [1, 2] . For more than five decades, the vitamin K antagonist warfarin was essentially the only oral anticoagulant available for management of venous thromboembolic disease. Between 2010 and 2015, four new oral anticoagulants (NOACs) were approved for marketing: the direct thrombin inhibitor, dabigatran and the direct factor Xa inhibitors, rivaroxaban, apixaban and edoxaban.
holders with little guidance for selecting the best strategy that balances recurrence reduction with risk of bleeding. Clinical guidelines recommend extended treatment beyond 3 months for patients in certain clinical scenarios, such as when the DVT is unprovoked, however they do not provide insight on which oral anticoagulants should be used for the extended treatment of DVT and PE nor on the optimal duration of therapy [7] . The recently published 2016 Chest Guidelines for antithrombotic therapy highlight the limited available evidence and need for a comparative safety and effectiveness study [8] .
In the dabigatran, apixaban, rivaroxaban, edoxaban (DARE) warfarin comparative effectiveness research study, we compare all five currently available oral anticoagulant agents for the extended treatment of DVT and PE, as well as no extended treatment. The study compares these options with respect to effectiveness in reducing venous thromboembolism recurrence risk and safety in reducing intracranial bleed, gastrointestinal bleeding and other major bleeding risk, as well as the relative impact on all-cause mortality. This study will also determine whether treatment heterogeneity exists for specific populations, such as older patients or those with renal dysfunction. By comparing all five options, this study will directly address the critical clinical tradeoffs patients and their healthcare providers make when selecting an anticoagulant for the extended treatment of DVT and PE and provide valuable guidance for clinical practice. In this report, we describe the design of the DARE Warfarin CER Study.
Study design

Overview
The primary aim of this study is to compare treatment for at least 90, 180, 270 and 360 days across five currently available oral anticoagulants over a study period from 2009 to 2020: warfarin, dabigatran, apixaban, rivaroxaban and edoxaban; the study will also compare extended treatment to earlier discontinuation of anticoagulant therapy. Each of the treatments has been approved by the US FDA for the treatment of DVT and PE and these approvals have been supported by one or more large randomized trials establishing the efficacy of each drug in reducing recurrence of DVT and PE [9] [10] [11] [12] .
The study includes three additional aims to support conclusions from the primary aim: (Aim 2) to conduct validation of key study variables and subgroup analyses within a subset of patients for whom claims and electronic health record (EHR) data are available; (Aim 3) to examine heterogeneity in treatment effects across multiple patient factors; (Aim 4) to calibrate study results to those of available randomized trials. Final design and analysis decisions will be made following review of available sample size and feedback received from the Study Advisory Committee. Both of these inputs are described below.
Stakeholder engagement
The Study Advisory Committee will be composed of multiple patients and stakeholders that will be highly engaged throughout the research process to ensure that the study yields results that are maximally useful for improving patient-centered outcomes. The committee was convened in the development of the study proposal, and provided valuable input into the study design at that time. During the granting period, the committee will meet regularly to discuss design considerations, such as subgroups to study, outcome definitions and statistical considerations that support the translational aims of the grant. The Study Advisory Committee will also have an active role in disseminating study results. Together with the committee, we will identify stakeholders and patients, including national or regional organizations that represent, at minimum patients and/or families with lived experience, relevant clinicians, payers and health plans. In particular, we aim to work with the North American Thrombosis Forum, a multidisciplinary organization with the mission of improving patient care through the advancement of thrombosis education, to disseminate results to patients and other stakeholders.
Study population
The study population will comprise individuals with an initial episode of DVT or PE and no prior oral anticoagulant use who complete 3 months of treatment with an oral anticoagulant. Patients will be identified in two large electronic administrative claims healthcare databases (described below). Combined, these databases include information for more than 215 million Americans. Validation sub-cohort analyses (Aim 2) will consist of patients receiving care in eastern Massachusetts for whom we have EHR data linked to Medicare claims data available, and patients in the Truven commercial database with laboratory data available. 
Patient inclusion & exclusion criteria
Included patients will be those in our databases with a first inpatient diagnosis of DVT or PE following a period of at least 1 year with no evidence of a prior DVT or PE and no use of an oral anticoagulant. Initial claims-based screening definitions for DVT or PE will be based on International Classification of Disease (ICD) codes (Table 1) . The patients will be eligible for inclusion if they fill a prescription for an oral anticoagulant at an indicated dose (warfarin, dabigatran 150 mg, rivaroxaban 15 or 20 mg, apixaban 2.5, 5 or 10 mg and edoxaban 30 or 60 mg) within 7 days of the initial DVT or PE event and continuously use an anticoagulant for at least 90 days, defined as no gaps in therapy greater than 7 days. Patients experiencing a study outcome between discharge for the index DVT/PE event and 90 days after will be excluded. The overall study design is summarized in Figure 1 and cohort flow in Figure 2 .
Exposure The patients will be defined as being 'on therapy' at 3 months if they have continuous medication supply available at the 90-day mark. The patients will be defined as continuers if they refill an anticoagulant within 14 days after the end of days supply of the fill spanning day 90; patients without an anticoagulant in this period will be classified as discontinuers. The index date for both continuers and discontinuers is the end of the 14-day period after the end of days supply. The patients must additionally be event free and retain medical and pharmacy benefits through the index date. These procedures will be repeated to define exposure at 180, 270, and 360 days among the subsets of patients who continue therapy through these dates. Therapy continuers will be classified into individual anticoagulant groups. There are several options for assigning exposure to the subset of patients who switch anticoagulant therapy prior to the start of follow-up. We will consider assigning the patient to the anticoagulant they are taking in their first fill after discharge for DVT/PE; assigning the future science group www.futuremedicine.com patient to the anticoagulant they are taking at the start of follow-up; assigning patients with a switch to a separate exposure category. We will evaluate these three options with regard to study validity (bias reduction) and available sample size and assign one as the primary analysis and the two others as sensitivity analyses.
End points
The primary study outcome is major bleeding, defined as intracranial bleed, gastrointestinal bleed or other major bleeding episode. Secondary study outcomes include DVT or PE recurrence, defined as a new episode of either condition during follow-up; composite of the primary or first secondary outcome (safety and effectiveness outcomes); and composite of the primary or first secondary outcome including all-cause mortality. Outcomes will be defined using claim-based algorithms that have been shown to have high-positive predictive values (Table 1) .
Covariates
We will measure a large number of potential confounders. These include socio-demographic characteristics (e.g., age, sex, race where available, geographic region and receipt of low-income subsidy for Medicare beneficiaries) risk factors for bleeding (e.g., prior hospitalized bleed, gastric ulcer disorder, coagulation defects), risk factors for thromboembolism and other thrombotic events (e.g., prior ischemic stroke, transient ischemic attack, acute coronary syndrome, surgery or trauma, infection), prescription drug use (e.g., antiplatelet, statin, anti-inflammatory medications) and proxy measures of health status and frailty (e.g., medication burden, prior hospitalizations, combined comorbidity score) [13] . Covariates will be measured in the period 365 days prior to the index DVT/PE episode date through the index date, for each of the four minimum-exposure durations. along with a number of smaller hospitals and centers as well as the Partners Community Physician Organization, a large network of outpatient physician practices in the Boston area. For these patients, we will link Medicare claims data to EHR data from the Partners Healthcare EHR data system, which contain information on disease severity, smoking status, body mass index, laboratory and radiology test results, cancer grade and stage and drug allergy histories [14] . The total size of this cohort is estimated to be 1 million patients. For Aim 2, we will additionally access the MarketScan Lab Supplemental database, which represents 4.4 million privately insured individuals with at least one recorded laboratory value, with administrative claims from inpatient, outpatient and pharmacy services supplemented by laboratory results.
Data collection & analysis
Statistical analysis
The main analysis (Aim 1) consists of comparison of the five oral anticoagulants, as well as a comparison to no extended anticoagulant treatment. To account for the nonrandom allocation of patients to exposure groups in our study, we will construct propensity scores that summarize all potential confounders. We will use propensity score matching weights, a weighting analog to matching recently extended to more than two treatments, in outcome regression models [15, 16] . We will use standard diagnostics for inverse probability of treatment weighting, including examining mean weights across treatment groups and assessing for extreme weights; if extreme weights are observed, we will consider standard approaches to address them, including use of stabilized weights and weight truncation. We will also examine overlap in propensity score distributions across treatment groups and we will assess covariate balance across treatment groups in the weighted population using standardized differences [2] .
In addition to prespecified covariates, the propensity score will consist of variables selected by the highdimensional propensity score algorithm to enrich the models with variables that might be confounders that were not considered among the predefined covariates. The approach identifies and prioritizes potential confounders by estimating the confounding potential for a large number (usually hundreds or thousands) of codes in the database by calculating the association between each code and the exposure, the association between each code and the outcome, and the prevalence of each code and enters these into a bias formula. Both simulation and empirical studies have found that high-dimensional propensity scores perform as well or better than propensity scores that include only investigator-specified variables [17] [18] [19] .
Outcomes for each minimum exposure duration (continuation beyond 90 days; continuation beyond 180 days; continuation beyond 270 days; continuation beyond 360 days) will be modeled using Cox proportional hazards models. The primary analysis will be an 'as treated' approach, where patients are censored at treatment discontinuation or switch in addition to loss of insurance eligibility or death. In a secondary analysis, we will follow patients in an intention-to-treat fashion.
We will update the data periodically during the course of the study to maximize sample size at the end of the funding period. We will use sequential testing strategies, based on the maximum sequential probability ratio test, future science group www.futuremedicine.com that have become standard tools for vaccine and drug safety monitoring by the CDC and the FDA, to maintain type I error rates [20] [21] [22] [23] [24] . As we are using routinely collected data, the study will continue should we reach statistical significance for any of our comparisons, however we will report interim results to demonstrate at what sample size statistical significance was met. The sequential testing algorithms for each outcome will account for the five data updates we will receive during the study period by ensuring a global type I error rate of 0.05. A key strength of the maximum sequential probability ratio test-based sequential testing methods is that they are highly flexible by accommodating any data updating and enrollment schedule. Aim 2 seeks to validate key study variables to refine claim-based variable definitions. First, we will validate and refine the cohort identification definition for DVT and PE. To do so, we will first use the EHR data to validate each cohort-defining DVT or PE event identified in the claims for patients in the Medicare-EHR-linked subset. We will then randomly split the confirmed and unconfirmed cases into training and testing sets. In the training set of confirmed and unconfirmed cases, we will use recursive partitioning, a tree-based discrimination method, to select claims characteristics that best distinguish, in a sequential manner, medical record-confirmed cases of incident DVT or PE [25, 26] .
Second, we will use EHR data to assess and correct for residual confounding in the main claim-based analyses. We will use the availability of these variables such as BMI, smoking and aspirin use in the EHR data to evaluate the extent to which there are differences among these variables across treatment groups both before and after propensity score weighting. If no imbalances are observed or if weighting removes all imbalances that are present before weighting, then we can be reasonably assured that the main propensity score weighting approach sufficiently addresses confounding. If imbalances remain after weighting, we will repeat analyses of effect estimation within the validation subset with and without the EHR-only variables in the propensity score model. If inclusion of these variables in the propensity score does not materially change the results, then we can again be reasonably assured that the main propensity score weighting approach sufficiently addresses confounding. If inclusion of these variables changes the results, then we will use propensity score calibration to correct our main study results for this unmeasured confounding.
Third, we will use these data to examine the impact of incorporating International Normalized ratio data for warfarin patients in the analysis. Specifically, we will assess time in therapeutic range during the initial anticoagulant treatment episode for each warfarin initiator using outpatient INR test results. We will then stratify comparisons to warfarin by whether the warfarin patients had high or low time in therapeutic range. In addition to updating our main findings from Aim 1, as described above, we will also conduct refined subgroup analyses.
To address 'missingness' of EHR and laboratory data in the validation subsets, we will examine the frequency and patterns of missingness and use standard statistical imputation methods, including Markov Chain Monte Carlo and Bayesian imputation approaches, to impute missing observations. By using different imputation methods to compare the results of analyses that incorporate EHR and/or laboratory data from the validation subset to those that do not, we will be able to examine the sensitivity of inferences to missing data methods and assumptions and incorporate them into interpretation.
In Aim 3, we will evaluate treatment effect heterogeneity using two approaches. First, we will pre-define subgroups, in particular age, sex, renal dysfunction and trauma or surgery. The final list of subgroups will include specific input from the Study Advisory Committee and will be finalized prior to any analyses. Where sufficient numbers of patients exposed to each treatment are available within the subgroups of interest, we will refit the propensity score models within each subgroup. When too few patients are available in a given subgroup to support propensity score estimation, the subgroups will be formed based on the variables included in the propensity score model, but separate models will not be fit within these subgroups.
Second, we will estimate disease risk scores for each outcome of interest and examine relative treatment effectiveness and safety across predicted probabilities of outcome risk. Disease risk scores are outcome prediction models that can include may potential predictors and can be used to estimate patients' baseline outcome risk at the start of follow-up. We will use a historical cohort of warfarin initiators to develop each disease risk score model [27] .
In Aim 4, we will calibrate study results to findings from randomized clinical trials for particular comparisons for which trial results are available. First, we will standardize our observational study results to the characteristics of the relevant trials. Standardization is a well established epidemiologic approach to generalizing the results of one study to a different patient population that can have different distributions of treatment effect modifiers. Similarity in standardized study and randomized trial results will provide reassurance of the validity and robustness of our observational study. If differences in results are observed, sources of discrepancies will be investigated in the validation subset in Aim 2, where additional assessment of unmeasured confounding will be performed.
Sensitivity analyses
For Aim 1, we will conduct two principal sensitivity analyses. To evaluate the extent to which residual confounding might influence our primary analysis results, we will conduct an instrumental variable (IV) analysis using the drug that the prescriber chose for the most recent patient as the IV, first confirming that this instrument reasonably meets the required IV assumptions [28] . Similar results to our main analysis will provide reassurance that the main results using propensity score weighting are not substantially confounded. Second, we will conduct analyses using a negative control outcome of cancer, which has been previously used in a study of statin use [29, 30] . Negative control outcomes are outcomes known or hypothesized to be causally unassociated with the exposure of interest and thus can be used to test for residual confounding in using the same model as the main analysis. We will also consider using fracture, pneumonia and vaccination incidence as alternate negative control outcomes, defined a priori. In both the IV and negative control outcome analyses, if differences in results are observed, sources of discrepancies will be investigated in the validation subset in Aim 2, where additional assessment of unmeasured confounding will be performed.
Additional prespecified sensitivity analyses will test the robustness of our findings to various analytical decisions. We will re-run the analyses varying specifications around time between medication filling, for instance the time to index fill and the maximum allowable gap between fills. Additionally, we will perform quantitative bias analyses to assess the robustness of our study results to misclassification of exposures, outcomes and confounders, including unmeasured confounding [31, 32] . Quantitative bias analysis methods quantify residual bias in effect estimation by modeling structural assumptions about confounding and misclassification mechanisms that can cause bias. They also assess the impact of these potential mechanisms on changes in study results.
Discussion
Clinical guidance on the comparative safety and effectiveness of long-term anticoagulant therapy is urgently needed. Patients and providers today face a choice among many treatments for the long-term reduction of venous thromboembolism recurrence after DVT or PE, and must also weigh the risk of bleeding with each of these therapies. There is currently insufficient data available from randomized trials to provide appropriate recommendations to patients and providers. The DARE Warfarin CER Study aims to close this knowledge gap and provide robust and highly implementable comparative effectiveness results for the main available anticoagulant treatment options.
This study has several important strengths. As our population includes all Medicare novel anticoagulant users and large numbers of commercially insured and Medicaid patients, our results are likely transportable to the majority of US patients discharged from the hospital after a DVT or PE. Moreover, our study evaluates treatment effect heterogeneity in important subgroups, and can therefore provide relevant information to these populations. The patients in our study are followed for up to 10 years, offering long-term assessment that is rarely available in studies involving prospective data collection. Additionally, the study incorporates rich, population-based clinical data for a subset of the study population. Combined with innovative approaches to dealing with misclassification bias or confounding that can arise in observational studies, these data will be used to evaluate and minimize potential bias. Our statistical analysis includes several key validation steps and methodological approaches to assist in optimally controlling for confounding while also exploring and quantifying the degree of potential residual confounding.
Our study has important advantages over a randomized trial design. The trials that have been completed to date provide little evidence about the comparative bleeding safety of the NOACs and warfarin in extended treatment of venous thromboembolic disease. Moreover, it is unlikely that a randomized trial would be large enough to compare major bleeding across all oral anticoagulants. Large observational studies such as this one are particularly well suited to study rare safety events. While possible in theory, a randomized trial is not feasible to answer the question that this study will address, namely the long-term comparative safety and effectiveness of extended treatment with all oral anticoagulants in a very large cohort of patients treated in the 'real world', including all Medicare patients and with sufficient sample size to evaluate many subgroup analyses and long-term, uncommon outcomes. Nonetheless, our study, as with all observational studies, is subject to bias, which we have attempted to mitigate in the design considerations detailed in the report. Administrative claims data may not capture important predictors of treatment that are also correlates of the study outcome, resulting in residual confounding by these unmeasured characteristics. Of note, claims data have limited information on reasons for treatment discontinuation, which may bias our 'as future science group www.futuremedicine.com treated' effect estimates if reasons for discontinuation differ by treatment group. Consideration of discontinuation patterns as well as comparison of as treated and intention-to-treat effect estimates will be critical to evaluating and mitigating these concerns. Results from this study will have an immediate and important impact on treatment decisions in clinical practice. To that end, in addition to formal publication of study results, we will develop several briefs summarizing the study results and implications to patients, clinicians and other decision-makers. These materials will be developed and disseminated in collaboration with stakeholders.
Conclusion
The comparative safety and effectiveness of long-term oral anticoagulant therapy in real-world settings has not been evaluated. The DARE Warfarin CER study aims to provide comprehensive evidence to guide treatment decisions of therapy choice and treatment duration.
Executive summary
r Each year, approximately 500,000 Americans experience venous thromboembolic disease, including deep venous thrombosis (DVT) and pulmonary embolism (PE). Little data exist comparing the effectiveness and safety of available anticoagulants for extended treatment of DVT and PE. The dabigatran, apixaban, rivaroxaban, edoxaban, warfarin comparative effectiveness research study compares five currently available oral anticoagulant agents for the extended treatment of DVT and PE, as well as no extended treatment with respect to effectiveness and safety. This study will directly address the critical clinical tradeoffs patients and their healthcare providers make when selecting an anticoagulant for the extended treatment of DVT and PE and provide valuable guidance for clinical practice. Study design r The primary aim of this study is to compare treatment for at least 90, 180, 270, and 360 days across five currently available oral anticoagulants over a study period from 2009 to 2020. The study includes three additional aims to support conclusions from the primary aim: (Aim 2) to conduct validation of key study variables and subgroup analyses within a subset of patients for whom claims and electronic health record (EHR) data are available; (Aim 3) to examine heterogeneity in treatment effects across multiple patient factors; and (Aim 4) to calibrate study results to those of available randomized trials. Data collection & analysis r Our study will include fee-for-service Medicare claims data from 2009 to 2019 and Truven MarketScan commercial and Medicaid data from 2009 to 2020. To account for the nonrandom allocation of patients to exposure groups in our study, we will construct and apply propensity scores that summarize all potential confounders to Cox proportional hazards outcome regression models. In Aim 2, we will use EHR data to validate and refine the cohort identification definition for DVT and PE; assess and correct for residual confounding in the main claim-based analyses; incorporate the International Normalized Ratio data for warfarin patients; and examine the frequency and patterns of data missingness. In Aim 3, we will evaluate treatment effect heterogeneity with predefined subgroups and by stratifying on disease risk scores for each outcome of interest. In Aim 4, we will standardize our study results to characteristics of relevant randomized trials. Discussion r As our population includes all Medicare novel anticoagulant users and large numbers of commercially insured and Medicaid patients, our results are likely transportable to the majority of US patients discharged from the hospital after a DVT or PE. Large, well-conducted, observational studies such as this one are particularly well suited to study rare safety events, which randomized trials may not be able to study across all comparator treatments. Results from this study will have an immediate and important impact on treatment decisions in clinical practice. No writing assistance was utilized in the production of this manuscript.
